A model for predicting the particle circulation rate in a draft tube spouted bed dryer with inert particles is proposed and verified. The calculation algorithm requires three input values: the gas velocity in the draft tube, one data point for the static pressure in the draft tube, and the pressure gradient in the annulus. The particle circulation rate can be estimated by solving the continuity and momentum equations for turbulent accelerating two-phase flow. The numerical solution is based on an iterative procedure until the assumed value of the particle circulation rate produces the prescribed value of the fluid static pressure at a certain axial position. Experiments were performed in a cylindrical column of 215 mm diameter with a draft tube of 70 mm diameter and length of 900 mm. Polyetylene pellets were used as the inert particles with a diameter of 3.3 mm, a density of 921 kg/m 3 and a sphericity of 0.873. The model predictions of the particle circulation rate are in good agreement with the experimental data.
INTRODUCTION
Drying in a spouted bed of inert particles has been investigated in the past for a variety of liquids, slurries and pasty materials. It appears that this technique 1 was initially developed in the former USSR by Kutsakova, Reger, Minchev, Konovalov and others. It was not widely known in other parts of the world, largely because of the language barrier. Recently, this technology has found renewed interest for the drying of liquids, slurries and pasty materials because of its ability to produce powders at moisture evaporation rates comparable to those of spray and drum dryers. The number of articles on this subject is growing considerably, mainly concerning food processing: bovine blood, eggs, vegetable extract, tomato pulp, fruits pulps, yeast, molasses, milk and corn starch. 2 Using an inert charge, materials of high moisture content (suspensions, sludges, etc.) can be dried in a single step, with the process working continuously.
A schematic diagram of a spouted bed suspension dryer with a draft tube (DTSB) is given in Fig. 1 . The wet material (suspension, slurry, pulp, etc.) is fed into a bed of inert particles, which are circulated through the draft tube. The feed can be sprayed at the top of the annulus or directly at the entrance region just below the draft tube inlet. Another way is to pump the suspension or slurry directly into the annulus at several points.
The spouted bed of circulating inert particles consists of three zones ( Fig. 1 ), which can be distinguished both in space and in hydrodynamic character, thus, zone 1 can be characterized by turbulent inert particle flow, ensuring intensive gas-solid contact in the vicinity of the gas inlet, zone 2 by inert particles being transported vertically upward in the draft tube, co-current to the air flow and zone 3 by a densely layered annular part sliding downward, countercurrent to the air flow. There is no particle mixing between the zone of the sliding layer and that of the vertical particle transport. Various partial processes of inert bed drying such as coating, drying and wearing of the dried coating occur in different zones of the bed, thus, an even, film-like layer (coating) is formed in zone 3, fast drying begins in the air-inlet area (zone 1), continues in the draft tube (zone 2), where also wearing of the dried coating occurs as a consequence of the intensive friction in the draft tube and collisions with the deflector.
Stable drying operation can be achieved when the total operational time of the partial processes does not exceed the cycle time of the inert particles, namely the partial processes must take place during a single circulation. The inert particles must be surface dry when they fall back on the annulus section (zone 3) to prevent their sticking together and bed sintering.
Numerous studies of suspensions drying in a spouted and a jet-spouted bed of inert particles [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and in screw-type spouted bed with inert particles 13, 14 have been published. The spout-fluid bed with a draft tube has been utilized by Hadzismajlovic et al. 15 and Povrenovic 16, 17 for drying various solutions and suspensions. These authors successfully dried a wide range of materials, such as animal blood plasma, brewery yeast, skim milk, starch, red beet juice, carrot juice, soya DRAFT TUBE SPOUTED BED DRYER Fig. 2 . The draft tube length required for complete evaporation as a function of the particle circulation rate and the inlet air temperature (G v = 306 kg/h; G d = 265 kg/h; G a = 41 kg/h; T p0 = 73 ºC; feed-water, G SUS = 12 kg/h).
milk and some of theirs combinations, in a draft tube spout-fluid bed a dryer. Littman et al. 18 developed a model for the evaporation of water from large glass particles in a pneumatic transport regime, i.e., in a draft tube spout-fluid bed dryer. In our previous study, 19 a draft tube spouted bed dryer with inert particles was used for the drying of different suspensions. The effects of the operating conditions on the dryer throughput and product quality were investigated and a model for predicting the dryer behavior was presented and discussed. This study shows that the particle circulation rate is the most important parameter for the dryer efficiency. This is illustrated in Fig. 2 , which shows the predicted draft tube length for complete evaporization as a function of the particle circulation rate for different air temperatures at the draft tube inlet. As can be seen, increasing the particle circulation rate by a factor of two reduces the required draft tube length for complete evaporization by a factor of about three. As the circulating motion of inert particles becomes more intensive, the suspension film formed on their surfaces, becomes thinner, which is desirable from the point of view of a stable drying operation. Therefore, the objective of this study was the accurate prediction of the particle circulation rate, since it is of crucial importance for the design and control of a draft tube spouted bed suspension dryer.
PARTICLE CIRCULATION RATE PREDICTION
The draft tube in a DTSB dryer is essentially a relatively short pneumatic riser, so that accelerating two-phase flow equations must be used to model the hydrodynamics. 20 The individual momentum balances for the fluid and particle phases 21 are:
where b(u -n) 2 is the hydrodynamic drag force per unit volume of suspension. F f and F p are pressure losses due to fluid-wall and particle-wall friction written in terms of the friction factors f f and f p :
where f f and f p are the corresponding friction coefficients. The continuity equations for the gas and particle phases are:
Fluid-particle interphase drag coefficient, fluid-wall and particle-wall friction coefficients
The dimensionless fluid-particle interphase drag coefficient is determined from the Grbav~i} et al. 22 model:
Where the constants C 1 , C 2 and l are:
and
The fluid-wall friction term (F f ) was determined using Eq. (3) and a standard friction factor correlation: 23 f f = 0.0791 / Re 0.25 (12) where the Reynolds number is based on the superficial gas velocity (Re = D d r f U/m). A particle-wall friction term was correlated in non-accelerating experiments: 24
For a known fluid superficial velocity and particle mass flowrate, the continuity equations and the momentum balances could be integrated numerically in order to obtain the axial variation of the particle velocity, voidage and pressure gradient in the transport tube (z > 0, Fig. 1 ). Using the continuity above the feeding point (z > 0) momentum balances (Eqs. (1) and (2)) become:
where g = r p v 2 -r f u 2 . From Eqs. (14) and (15) 
Since the air introduced into the column partially penetrates into the annulus in a DTSB, the air mass flowrate through the draft tube can be determined using material balance:
Boundary conditions
The general force balance for the spout particles (the region between z1 = 0 and z1 = L, Fig. 1 ) is: 25
In a previous study, 19 it was shown that the solids superficial velocity and the air superficial velocity in the spout both vary linearly with height, i.e., between zl = 0 and zl = L, hence:
EXPERIMENTAL The data for the particle circulation rate were collected during drying experiments conducted using the system described in detail in our previous work. 19 The drying chamber was a cylindrical column Fig. 1) . A deflector was placed above draft tube at z1 = 1300 mm.
The inert particles were polyethylene beads with an equal volume sphere diameter of 3.3 mm and a particle density of 921 kg/m 3 . The estimated inert particle sphericity was 0.873. In all runs, the annulus bed height (H) was 900 mm.
The overall air flowrate was measured by a calibrated orifice connected to a water manometer. The air flowrate in the annulus was measured indirectly, by measuring the pressure gradient in the an-nulus (-dp a /dz). To obtain the corresponding velocity there, a calibration plot was prepared by measuring the pressure gradient vs. velocity relationship in a fixed bed of polyethylene particles in a column 60 mm in diameter. The data were correlated as a relationship between the modified friction factor for a packed bed and the particle Reynolds number for the annulus. It was assumed that the voidage in the moving bed annulus would be the same as in the fixed bed. The resulting correlation is: f pA = 94.7 / Re pA + 0.979 (
The particle circulation rate was determined by measuring the velocity of a tracer particle in the annulus through a glass window and using the relation:
The suspension was introduced into the center of the annular zone 400 mm from the bottom (L f , Fig. 1 ) using four tubes 4 mm in diameter.
A temperature controller TIC1 maintained the inlet air temperature at the desired level. A thermo controller TIC2, which was situated at the top of the column controlled a feeding pump in order to keep the exit air temperature constant. The volumetric flowrate of the suspension into the column was measured by recording the suspension level in a slurry tank over a certain period of the time. Using the actual suspension density for each material, the suspension mass flowrate can be calculated.
Althogether, 19 drying runs were conducted with water as the ideal feed and with calcium carbonate, calcium stearate and Zineb fungicide suspensions. The minimum fluidization parameters (U mF and E mF ) required to calculate the variational constants for the prediction of the drag coefficients were determined using the Ergun 26 equation. The inert particle terminal velocity (U t ) was determined using equations proposed by Kunii and Levenspiel. 27 A summary of the experimental conditions is given in Table I . An important advantage of a DTSB dryer is that suspensions and slurries containing organic and biological compounds, can be dried [15] [16] [17] since the high friction in the draft tube as well as collision of the inert particles with a deflector minimizes the risk of bed sintering. Bed sintering is most undesirable during the operation of a dryer, since it causes a dramatic increase in the moisture content of the product or of the outlet air temperature. The first symptom of bed sintering in a DTSB dryer is a decrease in the inert particle circulation rate, 19 hence the proposed model can be used as a basis for the development of control software. In certain applications, 19 bed sintering can be prevented by the introduction of pure water instead of suspension for a short time period in order to clean the inert particles and hence prevent enhanced deposition of wet material on them. The frequency and duration of the cleaning period can be controlled on the basis of on-line calculation of the particle circulation rate. Regarding the complexity associated with a drying operation and to the problems arising from a draft tube spouted bed working as dryer in certain applications, the implementation of such a control strategy in a suspension drying process can be helpful in order to maintain a satisfactory product quality and a stable operation of the dryer.
The continuity and momentum equations contain four dependent variables (u, v, e and -dp d /dz) and three parameters (F f , F p and b). For specified two values, for example the fluid and particle flowrates (G d and G p ), the general equations reduce to two independent equation, hence in the calculations, two variables should be selected as input values. In the present case, the particle mass flowrate G p , i.e., particle velocity and voidage since G p = r p A d n(1-e), was required to be predicted, hence an iterative procedure had to be applied. Since in a DTSB, the air introduced into the column partially penetrate into the annulus, the air mass flowrate through the draft tube can be determined using Eq. (17), but an additional input value is required and that is the pressure gradient in the annulus. Finally, the input values for the model are air mass flowrate at the column inlet (G v ), the pressure gradient in the annulus (-dp a /dz) and the fluid static pressure in the draft tube at z = 0.424 m [p d (0.424)]. The calculation algorithm is:
along the draft tube. In this calculation, F f is obtained using Eqs. (3) and (12), F p is obtained using Eqs. (4) and (13) while b is obtained from Eq. (7). The gas and particle phase velocities are then calculated from the continuity (Eqs. (5) and (6)) and (-dp d /dz) is calculated using Eq. (14) or Eq. (15) . The boundary condition for Eq. (14) is the voidage at the feeding line e 0 . 5. Numerically integrate the pressure gradient along the transport line axis in order to obtain the axial static pressure distribution in the draft tube. A comparison between the experimental and calculated values of G p is shown in Fig. 3 . As can be seen, the agreement is quite good with a mean absolute deviation between the calculated and experimental values of 8.2 %.
CONCLUSIONS
A model for predicting the particle circulation rate in a draft tube spouted bed is proposed and discussed. Although the model equations are generally applicable for a vertical two-phase dilute flow, the proposed method for predicting the draft tube inlet conditions is restricted to the cases where a spouted bed type feeding device is used. Postavqen je model za predvi|awe brzine cirkulacije~estica u su{ioniku sa fontanskim slojem inertnih~estica i centralnom cevi. Predlo`eni model je eksperimentalno verifikovan. U algoritmu prora~una egzistiraju tri veli~ine kao poznate (ulazni parametri): brzina gasa kroz centralnu cev, jedna vrednost stati~kog pritiska u centralnoj cevi i gradijent pritiska u anularnoj zoni. Brzina cirkulacijẽ estica se izra~unava iz jedna~ina kontinuiteta i bilansa koli~ine kretawa za turbulentni dvofazni tok fluid-~estice. Numeri~ko re{avawe se zasniva na metodi probe i gre{ke, iterativnim postupkom, sve dok se na osnovu predpostavqene vrednosti brzine~estica ne dobije vrednost stati~kog pritiska fluida koja je jednaka izmerenoj vrednosti na odre|enoj aksijalnoj poziciji u centralnoj cevi. Eksperimentalna ispitivawa su izvedena u koloni pre~nika 215 mm sa centralnom cevi pre~nika 70 mm i du`ine 900 mm. Fontanski sloj je obrazovan od nesferi~nih polipropilenskih~e-stica ekvivalentnog pre~nika 3,3 mm, sferi~nosti 0,873 i gustine 921 kg/m 3 . Dobijeni rezultati za brzinu~estica u centralnoj cevi su u dobroj saglasnosti sa eksperimentalnim podacima. 
